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Phase I focused on four key tasks: 



a. demonstrate the production of fine-grain precursor particles 

b. demonstrate the deposition of precursor films on substrates 

c. demonstrate the conversion of precursor films to device-quality CIS layers 

d. calculate a projected cost of CIS films formed using these techniques 
All of these tasks were fully completed. A summary of the key results follows. 



4.1 Demonstration of the production of fine-grain precursor particles 

This task was aimed at demonstrating that fine-grain particulate precursors could be 
produced with the desired properties. 

The process used to produce particulate precursor materials is calcination of atomized 
reactant solutions. Aqueous solutions are prepared using metal salts, e.g. nitrates of 
copper, indium and gallium. Reactant solutions are atomized into a fine aerosol using an 
ultrasonic transducer . The aerosol is transported into the calciner by carrier / reactant 
gases, such as oxygen, nitrogen and nitrogen/hydrogen mixtures. The calciner itself is a 
quartz tube furnace with specially-designed end-caps and exit plumbing. Aerosol droplets 
and reactant gases react in the calcining furnace to form precursor particles. Particles are 
collected on a polymer filter membrane. The basic equipment set is sketched in Figure 2. 

The key materials properties of 
precursor particulates are particle size, 
shape, density and composition. The 
key characteristics of the particle 
production process are materials use 
efficiency (i.e. the efficiency with which 
reactant source materials are converted 
into and collected as usable precursor 
particles), ease of process control, and 
process productivity. 

The mean size of precursor particles 
produced in this manner is a function of 
droplet size, solution concentration, 
droplet and particle interactions, and particle composition. Assuming spherical dense 
particles, neglecting droplet and particle interactions, and assuming complete reactant 
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Fig. 2 Ultrasonic Calciner 
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reaction one calculates: 

Vs 

[Eq. 1] particle dia. = [solution molarity x mole mass / particle density] x droplet dia. 

UNISUN's ultrasonic aerosol generator operates at ca. 1.5 MHz and produces 4 - 5 pm 
diameter droplets. At this droplet diameter, solid spherical Culn0 25 particles of ca. 6.8 
g/cm 3 average weight density and ca. 100 nm average diameter requires, for example, a 
reactant solution (e.g. of copper and indium nitrates dissolved in water) concentration of 
ca. 0.25 mM (i.e. 0.25 mM each of Cu and In). One can similarly calculate the reactant 
solution concentrations needed to make solid particles of various diameters of different 
materials (e.g. Culn x O yi Culn x Ga y 0 2 , CuO x , Cu, Cu x ln y , etc.). 

Table 1 summarizes the results of a subset of the calciner runs made in Phase I. Three 
key accomplishments are immediately evident. First, the ultrasonic calcination process 
can yield particles in the desired size range (i.e. 100 - 250 nm). The distribution of particle 
diameters was not quantified, but the distribution appears reasonably narrow (e.g. few very 
small or very large particles are evident). Second, the process can yield fine-grain 
precursor materials of a variety of binary and multinary compositions, including oxides and 
metals. Third, the droplet-to-particle reaction follows the simple relation in Equation 1 
above, indicating that the assumptions about droplet and particle interactions, particle 
density, and reaction completion are valid. 



Table 1 . Precursor Particle Size 



Precursor 
Material 


Solution 
Molarity 
(mole/L) 


Target 
Particle Size 
(microns) 


Actual 
Particle Size 
(microns) 


Cu / ln 2 0 3 


0.39 xlO- 3 . 


0.10 


0.10-0.15 


CuO 


19.7x10^ 


0.30 


0.25 - 0.50 


CulnO Z5 


0.50 xlO* 


0.25 


0.10-0.25 


CulnOis 


0.24 x 10* 


0.10 


< 0.10 -0.20 


Cu 2 0/ In20 3 


0.24x10* 


0.10 


< 0.10 -0.20 


CulnTsGa^O^s 


0.25 xlO" 3 


0.10 


0.10-0.15 



Scanning electron microscopy (SEM) images show that the precursor particles are 
spherical, properly sized, and non-agglomerated (Fig. 3 a, b & c). The spherical, dense 
nature of the precursor particles is desirable to obtain dense, cohesive precursor layers 

Use or disclosure of data contained on this page is subject to the restriction on the cover sheet of this proposal. 
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Figure 3 

a. 0.3 pm CuO 



b. 0.25 |jm Culn0 25 
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that yield hollow spheres and other less desirable particle properties. UNISUN's ultrasonic 
calcination process circumvents these problems for these materials provided one is 
attentive to reaction temperature profiles, reaction rates and calciner residence times. 

Table 2 summarizes the results of another subset of the calciner runs made in Phase I. 
Three key accomplishments are immediately evident. First, 40 - 60% of the reactants 
prepared as solutions are subsequently captured as usable particles. This is a good 
materials use efficiency given the low-volume production rate and research-scale 
equipment set of Phase I. Consultations with Rocketdyne and with Nanochem Inc. in 
Albuquerque, NM indicates that aerosol calcination processes can be scaled to high- 
volume production and that materials use efficiencies can be quite high in larger-volume 
production. Second, precursor composition can be easily controlled over the full range of 
interest (e.g. Cu/ln atomic composition ratio = 0.6 - 1.2) by varying the restive 
concentrations of reactants in the reactant solutions. Alloying components (e.g. Ga to 
make CIGS) and advantageous low-level additions (e.g. Na to facilitate CIS film crystalline 
properties) can be added by simply adding the appropriate soluble reactant (e.g. gallium 
nitrate sodium nitrate, etc.). Similarly, the chemical pathways developed for spray 
pyrolys'is deposition of CulnSea could be used in the ultrasonic calcination process to form 
nanopowder ehalcogenides. Third, the measured Cu/ln ratio is roughly equal in the 
reactant solutions and the precursor powders, indicating that - unlike other CIS formation 
processes - losses of indium (i.e. the most expensive of the three primary constituents in 
CIS) are minimal. This bodes well for the overall cost effectiveness of the process. 

Table 2 and Figure 4 indicate that precursor characteristics (e.g. composition and 
structure, ergo color) are a function of reaction gas. Calcination in pure oxygen and pure 
nitrogen both yield oxides, but the powder compositions are considerably different in ways 
that can facilitate precursor film deposition and conversion to chalcogenide films. X-ray 
diffraction (XRD) data indicates that calcination of nitrates in oxygen yields single-phase 
oxides or mixtures of ternary oxides and indium oxide, e.g. single-phase Culn x Ga y 0 2 5 or 
Culn0 25 + Ir^Oa (Fig. 5a, b). Calcination of nitrates in nitrogen yields binary oxides, e.g. 
CuoO + InA, not CulnO z5 (Fig. 6). Calcination in a strongly-reducing environment (e.g. 
NVH, mixtures) yields unoxidized metal powders (e.g. Cu) and/or mixtures of metals and 
metal oxides (e.g. Cu + InAO (Fig. 7). It's of particular interest that Cu metal and Cu meta 
/ In oxide precursor particles can be prepared using UNISUN's techniques. Commercial 
nanoparticle processes (e.g. vapor-phase reactions in vacuum) are generally limited to 
oxide materials or to noble metals that do not readily oxidize. UNISUN's ultrasonic 
calcination process yields CuInO^, CuO x , Cu 2 0 + InA. Cu, and stable Cu + ln 2 0 3 
precursors. The ability to form a full range of oxide and metallic precursors considerably 
broadens the precursor-layer-to-absorber-film conversion process options. 

The success of the ultrasonic calciner method for forming particulate precursors obviated 
the need to test the various "fall-back" precursor formation options identified in the Phase 
I proposal. 

Use or disclosure of data contained on this page is subject to the restriction on the cover sheet of this proposal. 
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